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We systematically investigated the pressure dependence of electrical transport and the crystal structure of
topological insulator, Bi,_,Sb,Te;_,Se,, which showed no superconductivity down to 2.0 K at ambient pressure.
The Bi,_,Sb,Te;_,Se, crystal showed two structural phase transitions under pressure, from rhombohedral
structure (space group No. 166, R3m, termed phase I) to monoclinic structure (space group No. 12, C2/m, termed
phase II), and from phase II to another monoclinic structure (space group No. 12, C2/m, termed phase III).
Superconductivity appeared when applying pressure; actually the superconductivity of all Bi,_,Sb,Te;_,Se,
samples emerged in phase I. The superconducting transition temperature, T, increased against pressure in a
pressure range of 0—15 GPa for all Bi,_,Sb,Tes;_,Se, samples, and the maximum 7. was 5.45 K, recorded at
13.5 GPa in Bi,_,Sb,Te;_,Se, at x =0 and y = 1.0. The magnetic field (/) dependence of the R-T plot for
Bi,_Sb,Te;_,Se, was measured to characterize the superconducting pairing mechanism of pressure-induced

superconducting phase.
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I. INTRODUCTION

Because of their interesting electronic properties and pos-
sible application toward future electronic devices, topological
materials such as topological insulators, Dirac semimetals,
and Weyl semimetals have attracted much attention from
physicists, chemists, and materials scientists [1-19]; the basis
of topological insulators is reported in Ref. [20]. Among these
topological materials, in the past decade topological insulators
have been most extensively investigated. A topological insu-
lator is a quantum matter, with a band gap in bulk and gapless
states at the surface (or at the edge in two-dimensional cases),
which is different from a traditional insulator. The gapless
linear dispersion at the surface in a topological insulator is
completely protected by time-reversal symmetry, and a pair
with linear dispersion (Kramers pair) inevitably emerges. Two
linear dispersions which have opposite spins to each other
are crossing at k = 0, known as the “Dirac point,” based on
Kramers theorem.

The most studied topological insulator has been Bi,Ses,
which has a single Dirac cone, i.e., simple surface states [7].
It is well known that the Fermi level of Bi,Se; does not
cross the surface states but crosses near a conduction band
[10,11,14] as described below. The temperature dependence
of resistivity, p, shows metallic behavior in BiySe; because
of a deficiency of Se atoms, providing electrons to tune
the Fermi level upward. The Fermi-level tuning to match the
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Dirac point was achieved by Ca doping, i.e., hole doping by
substitution of Bi with Ca, which was confirmed by resistivity,
scanning tunneling spectroscopy, and angle-resolved photo-
electron spectroscopy (ARPES) measurements [8,12].

Such a Fermi-level tuning was more precisely achieved
by adjusting the value of x in Bi,_,Sb,Tes;_,Se, [13,15].
Namely, the Fermi level decreased with an increase in x, and
the Fermi level crossed the Dirac point at x = 1.0, which
was confirmed by the ARPES [15]. Simultaneously, the Dirac
point shifted upward with an increase in x, and increasing x
causes a simultaneous increase in y. Therefore, the matching
of the Fermi level to the Dirac point is realized at x = 1.0
and y = 2.0, i.e., BiSbTeSe;. As a result, Bi,_,Sb,Te;_,Se,
is a suitable material for investigating the correlation between
electronic states and physical properties.

Recently, superconductivity in a topological insulator was
found in Cu-doped and Sr-doped Bi,Ses, providing super-
conducting transition temperatures, 7;’s, as high as 3.8 K for
Cu-doped Bi,Ses [21] and 2.2 K for Sr-doped Bi,Ses [22].
The Cu and Sr atoms in the above superconductors are not
substituted for Bi, but both atoms are intercalated into the
space between two BiSe; layers [21,22], which are expressed
as “Cu,BiySes” and “Sr,Bi,Se;.” This implies electron dop-
ing for BiySes layers. Surprisingly, the T of Sr-doped Bi,Ses
(Srg.065BixSes) rapidly disappeared with applied pressure, and
reemerged with further pressure to reach ~8.3 K at 6 GPa
[23]. On the other hand, the substitution of Cu/Sr atom for Bi
(Cu,Biy_,Sej; or Bij g5S1¢.155¢€3) is also possible, but it did not
show any superconductivity down to 1.9 K [21,22]. Actually,
it is known that nonsuperconducting Cu,Bi,_,Ses is produced
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atx = 0 — 0.15, and superconducting Cu,Bi,Se; is produced
atx = 0.1-0.15 [21].

The finding of superconductivity in metal-doped Bi,Ses
is exciting from two scientific points of view. First is that
the behavior of T, against pressure means the discovery of
pressure-driven 7; enhancement, which suggests a different
type of superconducting pairing from that predicted by BCS
theory. The second point, which may be more significant, is
that the superconductivity may be categorized as “topolog-
ical superconductivity” characterized by odd parity pairing
such as p-wave pairing. The temperature dependence of the
reduced upper critical field, k*, fits well with the p-wave
polar model, suggesting that Sry 052Bi>Ses could be a topolog-
ical superconductor. Our group also reported pressure-driven
superconductivity in Ag-doped Bi;Se;, where Ag atom is
substituted for Bi, i.e., Ag,Bi,_,Ses; [24]; recent work using
both photoelectron and x-ray fluorescence holography sug-
gested the intercalation of Ag in the space between Se layers,
as well as substitution. No superconductivity was confirmed
in AgoosBijgsSes, which is the nominal stoichiometry, at
ambient pressure, and superconductivity suddenly appeared
at 11 GPa. Two superconducting phases appeared in phase
IT (space group No. 12, C2/m) and phase III (space group
No. 139, I4/mmm), which transform successively from phase
I (space group No. 166, R3m) with applied pressure. Topolog-
ical superconductivity was also suggested for Agp osBij.955es
from the temperature dependence of A*.

Based on the above scientific background, we pursued
pressure-driven superconductivity in Bi_,Sb,Te;_,Se, in
which the electronic states can be precisely tuned through x
and y [15]. Firstly, the crystal structures of Bi,_,Sb,Tes_,Se,
(x=0, 025, 0.5, 1.0, and y =1.0) in a wide pressure
range of 0-30 GPa were clarified using powder x-ray
diffraction (XRD) with synchrotron radiation. Secondly, the
temperature dependence of resistance (R) in the above
samples was investigated at 0—15 GPa. Consequently, the
successful observation of superconductivity under pressure
was achieved for all Bi,_,Sb,Tes;_,Se, (x =0, 0.25, 0.5, 1.0,
and y = 1.0) samples. The T.—pressure (p) phase diagram was
drawn for Bi,_,Sb,Te;_,Se,. Thirdly, the topological nature
of pressure-driven superconductivity was investigated from
temperature dependence of A* at high pressure. Finally, the
correlation between electronic states and superconductivity
was discussed.

II. EXPERIMENTAL

A. Sample preparation and characterization
at ambient pressure

Crystals of Bi,_,Sb,Te;_,Se, (x =0, 0.25, 0.5, 1.0,
and y = 1.0) were grown by a conventional melt-growth
method using stoichiometric amounts of Bi, Sb, Te, and
Se powders, using the following process: the powders
were sealed in a quartz tube which was heated at 850°C
for 24 h, then slowly cooled down to 550°C at a rate of
6°C/h, and then quenched with ice water. The obtained
crystals showed a clear basal plane structure. More details are
shown in Supplemental Material, and the XRD patterns of
Bi,_,Sb,Tes_,Se, (x = 1.0, y = 1.0) are shown in Fig. S1 to
show the high sample quality [25].

The energy-dispersive x-ray (EDX) spectra of the
Bi,_,Sb,Tes;_,Se, samples were recorded with an EDX
spectrometer equipped with a scanning electron microscope
(KEYENCE VE-9800-EDAX Genesis XM2). The EDX
spectra were measured for 5-10 different positions of the
Bi,_,Sb,Tes;_,Se, crystals at room temperature. From the
EDX spectra, the chemical compositions of all samples were
determined (results are given in Table I).

The crystal structure at ambient pressure was determined
by single-crystal XRD measurement of all Bi,_,Sb,Tes;_,Se,
crystals, which were obtained by cutting off a small piece
(~100-um scale) of the crystals, using a Rigaku Saturn 724
diffractometer equipped with a Mo Ko source (wavelength
A =0.71073 10\); the measurement was performed at 100 K.

B. Measurements of XRD and R—T plot under pressure

Powder XRD patterns of the Bi,_,Sb,Te;_,Se, samples
were measured under pressure at 297 K, using synchrotron ra-
diation at BL12B2 of SPring-8; the wavelength X of the x-ray
beam was 0.6853 A. The powder sample obtained by grinding
the Bi,_,Sb,Te3_,Se, crystal was used for the powder XRD
measurement. A diamond-anvil cell (DAC) was used for the
high-pressure XRD measurement, with the powder sample
loaded into the hole of a stainless-steel plate. Daphne 7373
was used as the pressure medium for XRD measurement un-
der high pressure. The pressure was determined by monitoring
ruby fluorescence.

The DC magnetic susceptibility (M/H) of the small crystal
(I-mm scale) of Bi,_,Sb,Tes;_,Se, was recorded by a su-
perconducting quantum interference device (SQUID) mag-
netometer (Quantum Design MPMS2) at ambient pressure
(0 GPa). M and H refer to magnetization and applied magnetic
field, respectively. In this SQUID magnetometer, the M/H
measurement can be made down to 2.0 K. The tempera-
ture dependence of R of Bi,_,Sb,Tes;_,Se, was measured in
four-terminal measurement mode under pressure. The small
Bi,_,Sb,Tes_,Se, flake was introduced into the DAC in air
because this sample is not air sensitive. The sample was
loaded directly on a Kapton sheet/epoxy resin/rhenium in the
DAC; six Cu electrodes were attached to the Kapton sheet, and
this cell was used for measuring the R of the sample. NaCl
was used as the pressure medium. The applied pressure was
determined by monitoring ruby fluorescence.

The R was measured at 300-1.5 K in standard four-
terminal measurement mode using an Oxford superconduct-
ing magnet system. The temperature was precisely controlled
using an Oxford Instruments MercuryiTC; the minimum tem-
perature is 1.5 K in this equipment. The H was controlled
using Oxford Instruments MercuryiPS. Electric current (/)
was supplied by a Keithley 220 programmable current source,
and the exact value of I was monitored by an Advantest
R-8240 digital electrometer. The voltage (V) was measured
by an Agilent 34420 digital nanovoltmeter.

III. RESULTS AND DISCUSSION

A. Physical properties of Bi,_,Sb,Te;_,Se, at ambient pressure

Optical images of the Bi,_,Sb,Tes_,Se, (x = 0, 0.25, 0.5,
1.0; y = 1.0) crystals are shown in Fig. 1(a). Bright basal
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TABLE I. Stoichiometry and structural data of Bi,_,Sb,Tes_,Se,.

Stoichiometry from

Nominal stoichiometry Stoichiometry from EDX

single-crystal XRD

a(A) c(A) V(A3) Space group

Bi,Te,Se

Bi} 75Sbg.25TerSe
Bi] ,5Sb0_5TeZSe
BiSbTe,Se

Bi 1) Teis2)Sei202)
Bil475(4)Sb0425(4)Tel489(7)Sel.11(7)
Bi 503)Sbo.so3) T€1.686)S€1.326)

Bij 039(3)Sbo.o11s)Te1.813)5€1.193)

Bi;Te; 465)5¢€1.54(5) 3
Bij 63¢7)Sbo317)Te1 6as)S€1.365) 4.2695(17) 29.869(19) 471.5(4) R3m

Bij 57(5)Sbo.435)TexSe
Bij 12)Sbo.oe)Tei32)S¢€1.202)

4.2609(16) 29.766(16) 468.0(4) R3m

4263(4)  29.99(4)  472.09) R3m
4.2212(14) 29.869(12) 460.9(3) R3m

planes were observed in all crystals. Only peaks ascribable
to Bi, Sb, Te, and Se atoms were observed in the EDX
spectra, as seen from Fig. 1(b), indicating no contamination
by impurities. The averaged stoichiometry determined from
the EDX spectrum is listed in Table I. The determined x
values are almost consistent with the nominal values in all
samples, and the determined y value deviates from the nom-
inal value (y = 1.0). The single crystals are homogeneous
in stoichiometry, because the estimated standard deviations
(esd’s) in x and y are small. The lowering of the Fermi level
and the raising of the Dirac point against x were confirmed
from the ARPES (not shown), in the same manner as those
previously reported [15]. As an example, the ARPES of
Bi;_,Sb,Tes_,Se, (x = 0.25) is shown in Fig. S2 in the Sup-
plemental Material [25]; this sample’s chemical composition
is “Bi]'75(4)Sb0'25(4)T61'89(7)861.1 1(7)” as later described.

The crystal structure determined by single-crystal diffrac-
tion at ambient pressure was rhombohedral (space group No.
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FIG. 1. (a) Optical image and (b) EDX spectrum of a crystal-like
lump of Bi,_,Sb,Te;_,Se, (x = 0.25 and y = 1.0). (c) R-T plot and
(d) M/H-T plot of Bi,_,Sb,Te;_,Se, (nominal x =0 and y = 1.0)
recorded at 2.73 and 0 GPa, respectively.

166: R3m) for all Bi,_,Sb,Tes_,Se,, which is consistent with
that of BiySes [26] and with that previously determined for
Bi,Te,Se [27,28]. The lattice constants, a and ¢, determined
are listed in Table I, and the atomic coordinates are listed in
Table S1 in Supplemental Material [25]. The lattice constants
are close to those of Bi,Ses (4.18 and 28.7 A) [26]. The
values of a and c increase slowly with increasing x, but
maximum ¢ value is recorded at x = 0.5. Here it is noticed
that the y value [= 1.32(6)] at x = 0.5 determined from
EDX is larger than those (~1.2) at x =0, 0.25, and 1.0.
From this result, it may be concluded that the increase in
y causes the expansion of the unit cell. The stoichiometry
for each Bi,_,Sb,Tes;_,Se, sample determined from single-
crystal XRD is listed in Table I. The stoichiometry determined
from single-crystal XRD is almost consistent with that from
EDX. Thus, the stoichiometry determined from EDX is re-
liable. Throughout this paper, the stoichiometry determined
from EDX is employed for each Bi,_,Sb,Te;_,Se, sample.
Crystallographic data of Bi,_,Sb,Tes_,Se, samples are listed
in Table S1 of Supplemental Material [25].

Figures 1(c) and 1(d) show temperature dependence of R
and magnetic susceptibility (M/H) for Biy j1yTer32)S¢e1.202)
prepared as BiyTe,Se (i.e., nominal x of 0; nominal y
of 1.0 for Bi,_Sb,Te;_,Se,), respectively, measured at
2.73 GPa and ambient pressure (0 GPa), where M and H refer
to magnetization and applied magnetic field, respectively.
No superconductivity is observed near ambient pressure, as
seen from Figs. 1(c) and 1(d). The R-T plot [Fig. 1(c)]
at 2.73 GPa substantially shows metallic behavior. Strictly
speaking, the R saturates at higher temperature than 200 K.
This behavior may be due to the fact that the Fermi level
does not match the bulk conduction band, but crosses the
bottom of the conduction band or the top of surface states [15].
The M/H-T plots for other Bi,_,Sb,Te;_,Se, samples (i.e.,
nominal x = 0.25, 0.5 and 1.0; nominal y = 1.0) did not show
any superconducting transition at low pressure (not shown).
Thus, all Bi,_,Sb,Te;_,Se, samples are not superconductors
at ambient pressure.

B. Pressure dependence of crystal structure of Bi,_.Sb,Te;_,Se,

Figures 2(a)-2(d) show  XRD  patterns of
Bi,_,Sb,Te;_,Se, samples under pressure up to 29
GPa. As seen from Fig. 2(a), the XRD patterns of
BiryTei g2)Sein) at 2.4-29 GPa show the presence
of three different phases (phase I, phase II, and phase
III) which were assigned to rhombohedral (space group
No. 166, R3m), monoclinic (space group No. 12, C2/m),
and 9/10-fold monoclinic (space group No. 12, C2/m),
respectively. These crystal structures are shown in
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FIG. 2. Pressure-dependent powder XRD  patterns  of
Bi,_,Sb,Te;_,Se, with nominal x values of (a) 0, (b) 0.25, (c)
0.5, and (d) 1.0; nominal y value is 1.0 for all samples. Measurement
temperature and pressure are 297 K and 0-30 GPa, respectively.

Fig. 3. The crystal structures of phase I and phase II are
the same as those previously determined [27,28]. However,
the crystal structure of phase III is different from those
reported in Refs. [27] and [28], and was the same as that for
Bi,Te; and Bi;Se; reported in Refs. [29] and [30]. In this
study, we performed Le Bail fitting for the XRD pattern based

phase-I: R3m phase-Il: C2/m phase-Ill: 9/10-fold C2/m

FIG. 3. Crystal structures of phase I, phase II, phase II’, and
phase IIl in Bi,_,Sb,Te;_,Se,.

on various space groups suggested for BiyTe; [29,31,32],
BisSes [30,33-37], Sb,Se; [38,39], and Sb,Tes [40-43], and
Bi,_,Sb,Tes_,Se, [27,28,44,45], and the experimental XRD
pattern of Biy j(1yTe; g2)Se1.22) for each phase was most ex-
actly fitted by the above space group: rhombohedral structure
(space group No. 166, R3m) for phase I, monoclinic structure
(space group No. 12, C2/m) for phase II, and 9/10-fold mon-
oclinic structure (space group No. 12, C2/m) for phase III).

For showing the quality of fit between experimental and
calculated XRD pattern in Bi,_,Sb,Te;_,Se,, the experi-
mental XRD patterns of Big_l(l)Tel.g(z)Sel_z(z) at 2.37, 14.4,
and 28.6 GPa are shown in Fig. S3 [25], with the patterns
calculated by Le Bail fitting. All XRD peaks are well fit-
ted, as seen from Fig. S3 [25]. The values of weighted
pattern R factor (wRp), pattern R factor (Rp), and %2 in
the Le Bail fitting were 2.98%, 1.48%, and 0.921 for
2.37 GPa; 2.13%, 1.15%, and 0.743 for 14.4 GPa; and
1.60%, 0.96%, and 0.449 for 28.6 GPa. The values of wR,
and R, in the Le Bail fitting for pressure-dependent XRD
patterns were less than 3% for Biy  1)Teign)Seiawe), less
than 4% for Bi1_75(4)Sb0.25(4)T61.89(7)861_11(7), less than 7.0%
for Bi1_5()(3)Sb0.50(3)T61.6g(6)S€‘,1_32(6), and less than 4.5% for
Bil'ogg(g)Sbo_gl1(8)T61,81(3)Sel,19(3), indicating the good fit be-
tween the experimental and calculated XRD patterns.

In this study, we partly performed Rietveld refinement for
XRD patterns at 2.37 GPa (phase I), 14.4 GPa (phase II), and
28.6 GPa (phase III) for Biz_l(l)Tel,g(g)Sel,z(z) to obtain the
atomic coordinates. All XRD patterns are well refined based
on the above space group (space group No. 166, R3m for
phase I, space group No. 12, C2/m for phase II, and space
group No. 12, C2/m for phase III), as seen from Fig. S4
[25], indicating the validity of the space group suggested for
each phase; the values of wRp, R, and X2 in the Rietveld
analyses were 3.21%, 1.83%, and 1.06, for 2.37 GPa; 2.40%,
1.81%, and 0.938 for 14.4 GPa; and 1.36%, 1.00%, and 0.320
for 28.6 GPa. The lattice constants determined by Rietveld
refinement are the same as those determined by Le Bail fitting.
The lattice constants and atomic coordinates determined in the
Rietveld analyses are listed in Table S2 [25].

The first and second structural phase transitions
are observed at 836 and 154 GPa, respectively, for
Biz,1(1)Te1,8(2)Sel_2(2). Actually, it is noticed that multiple
phases exist around the above pressures. Namely, phase I still
remains even above 8.36 GPa, although phase II emerges
at 8.36 GPa. Only phase II is found from 13.3 GPa. Such
a coexistence of multiple phases (phase II and phase III)
is observed at 15.4-18.9 GPa, and a single phase (phase
IIT) exists from 22.5 GPa. As a consequence, the structural
transition is not sharp but broad, i.e., pressure width of a few
GPa is observed for the complete structural transition. For
a simple understanding of the evolution of structure against
pressure, a schematic representation is given in Fig. 4(a). In
addition, our results on crystal structures for phase I and phase
II are consistent with those reported previously for Bi,Te,Se
[27,28,45], and the crystal structure for phase III is different
from those (space group No.229, Im3m [27], space group
No.139, I4/mmm [28,45]) reported previously. However, our
suggested structure (space group No. 12, C2/m) provided
the better fit between the experimental and calculated XRD
patterns both in Le Bail fitting and Rietveld refinement.
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FIG. 4. (a) Schematic representation of evolution of crystal
structure against pressure, and (b) x dependence of pressure causing
structural transitions (phase I to phase 1I, and phase II to phase III)
in Bi,_,Sb, Tes_,Se,.

In addition, the monoclinic structure (space group No. 12,
C2/m) corresponds to the distorted structure of the above
body-centered cubic structure (space group No.229, Im3m),
or body-centered tetragonal structure (space group No.139,
14/mmm).

As seen from the XRD patterns shown in Figs. 2(b)-2(d),
Bij 754)Sbo.254)Te1.89(7)S€1.11(7) Bij 503)Sbo.s0i3) Te1.68(6)
Ser.326), and Bijogos)SbooiisyTers13)Ser.193) have four
different phases (phase I, phase II, phase II’, and phase
IIT) for each sample under pressure up to 30 GPa; the
nominal x and y values for the above samples are listed
in Table I. Here, it should be noticed that phase I’ is
additionally observed although only three phases are found
in BiyyTerse)Serae) [Fig. 2(a)]. The crystal structures
of main phases, phase I, phase II, and phase III, are the
same as those in Biy 1(1)Te; g2)Sei2¢2). The crystal structure
of phase II' was assigned to monoclinic structure (space
group No. 15, C2/c). The atomic coordinates and lattice
constants in the monoclinic structures of phase II, phase
Il’, and phase III are different from each other [28], and
as described later, the discontinuous change of lattice
constants and volume is observed between monoclinic
phases. The pressures for transitions of phase I to phase
IT and phase II to phase III were 9.06 and 15.9 GPa for
Bij 754)Sbo.254)Te1 89¢7ySe1.11¢7), respectively. The pressures

were 10.0 and 18.7 GPa for Bi[,50(3)Sb0,50(3)Te1,68(6)561,32(5),
and 11.2 and 22.3 GPa for Billogg(g)Sbolgl1(8)T61_81(3)561.19(3);
the crystal phases determined for phase I and phase II are
the same as those reported previously for Bi; sSby sTe; gSe; »
[Bi,_,Sb,Tes_,Se, (x = 0.5)] [45], indicating the reliability
of our crystal data. However, our suggested crystal structure
for phase III (space group No. 12, C2/m) is different from
that reported previously (space group No.139, I4/mmm
[45]). Our suggested crystal structure provided the better
fit between experimental and calculated XRD patterns as in
Bi,Te,Se. No crystal data under pressure have been reported
for Bi,_,Sb,Te;_,Se, (x = 0.25 and 1.0).

In the same manner as Biy (1)Teg2)Sei2), multiple
phases exist around the above pressures, as seen from
Figs. 2(b)-2(d) and Fig. 4(a). Figure 4(b) shows the pressures
causing structural phase transitions (phase I to phase II and
phase II to phase III) for each sample. Both pressures for
phase I to phase II and phase II to phase III monotonically
increase with an increase in x, i.e., amount of Sb. Actually, as
seen from Figs. 2(b)-2(d), phases II’ emerges together with
phase II and/or phase III in the Bi,_,Sb,Te;_,Se, samples
other than Biy j(1)Tej g(2)Sei 22), and still exists even in phase
IIT; the schematic representation of phases against pressure is
shown in Fig. 4(a).

The lattice constants (¢ and ¢) against pressure for the
Bi,_,Sb,Tes;_,Se, samples are shown in Figs. S5(a)-S5(d)
[25]. The discontinuous change of lattice constants is ob-
served with each structural transition, indicating the first-
order transition. The V/Z value monotonously decreases with
an increase in pressure (Fig. 5), and discontinuous changes
(sudden drop) are observed at the pressures corresponding to
structural transitions [Figs. 5(a)-5(d)]; the Z is the number of
asymmetry units in each crystal lattice, and V/Z corresponds to
the volume per a Bi;_,Sb,Tes_,Se,. As seen from Figs. 5(a)—
5(d), two or three phases coexist at a part of the region in
phase II and phase III. Moreover, the ratios of lattice constants
at each pressure with respect to that at minimum pressure in
each phase (phase I, phase II, and phase III) of Bi,_,Sb, Te,Se
(x = 0.25) are illustrated in Figs. S6-S8, indicating an ex-
tremely small anisotropy for contraction against pressure in
all phases. Admittedly, the c/c(0.41 GPa) is slightly smaller
than a/a(0.41 GPa) in phase I, but the difference is within 2%
(Fig. S6). In other phases, the difference at each lattice
constant is within ~4% (see Figs. S7 and S8). Thus, the
anisotropy of contraction in all phases is negligible.

Finally, we must comment on the peak broadening in
pressure-dependent XRD which would be caused by use of
Daphne 7373 as pressure medium. Admittedly, the Daphne
7373 may be generally available as pressure medium for
keeping the static pressure up to 10 GPa, and above
10 GPa the peak broadening may take place. Nevertheless, the
lattice constants and V were definitely determined with very
small esd’s up to 30 GPa, indicating the structural parameters
obtained are reliable.

C. Pressure dependence of physical properties of
Bi,_.Sb,Te;_,Se,

Figure 6(a) shows the temperature dependence of
R in Bip 1) Teis22)Ser.12) at different pressures, where
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FIG. 5. Pressure dependence of V of Bi,_,Sb,Te;_,Se, (V/Z) with nominal x values of (a) 0, (b) 0.25, (c) 0.5, and (d) 1.0; nominal y value
is 1.0 for all samples. Chemical composition for each sample is listed in Table 1. Z is the number of asymmetry unit.

R/R(10 K) is plotted, i.e., the R is normalized at 10 K so
that all data obtained in the different measurements can be
reasonably compared. The R/R(10 K)-T plots at 0-2 GPa
show no superconductivity down to 1.5 K in increasing pres-
sure, while a clear superconducting transition appears above
2.5 GPa which is in phase I. Figure 6(b) shows the 7. —p plot
in BiZ.l(l)Tel_g(z)Sel'z(z), in which the Tc values are determined
from the R/R(10 K)-T plots at different pressures shown
in Fig. 6(a). As seen from Fig. 6(b), the 7. monotonically
increases with an increase in pressure. No significant variation
in T.—p plot is observed at the structural transition of phase
I to phase II. Here, we comment that a complete disappear-
ance of R drop for all Bi,_,Sb,Te;_,Se, samples is clearly
confirmed under H as high as several tesla. These results
indicate that the R drop originates from the superconducting
transition. Examples of H dependence of R/R(10 K)-T plots
under pressure are shown in Figs. 7(a) and 7(c), as described
later. We must briefly comment on nonvanishing R at the
superconducting state in the R/R(10 K)-T plots (Figs. 6 and
7). As seen from Figs. 6(a), 7(a), and 7(c), the complete zero
resistance (zero-R) even in the superconducting state is not
observed because of polycrystallinity of the sample employed
in resistance measurement under pressure, i.e., the resistance
at grain boundaries between single crystals provides nonvan-
ishing R in the superconducting state.

Figure 6(b) shows the T.—p plots in the other
Bi,_,Sb,Tes_,Se, samples (Bij 754)Sboas@)Ter.s97)Se1.11(7),
Bi503)Sbo.soi) Ter.es6)S€1326),  and  Bijogo8)Sbo.o11s)

Teis13)5€1.193)). The T; value was determined from the
cross point between R drop and R-T plot in the normal
state, as seen from Fig. S9(a) in Supplemental Material [25].
All samples show no superconductivity at low pressures
below 3 GPa, and the superconductivity emerged in phase
I. The T. increases with an increase in pressure, and any
discontinuous variation is not observed at structural phase
transition (phase I to phase II), as seen from Fig. 6(b).
Actually, the T; for Bij so3)Sbo.soi3)Te1.68(6)5€1.32(6) rapidly
and continuously increases at 10 GPa, at which the phase
II appears. When decreasing pressure, the superconductivity
of the above samples could be kept down to lower pressure
than the pressure at which the superconductivity emerges
in increasing pressure (or onset pressure), indicating the
presence of hysteresis in the 7.—p plot. The behavior
of T. against pressure is similar in all Bi,_,Sb,Tes_,Se,
samples, inclusive of Bij (1yTers22)Ser.1¢2). The pressure
at which the superconductivity emerges and the maximum
T; for all Bi,_,Sb,Te;_,Se, samples are listed in Table II;
the maximum 7. of 5.45 K is recorded at 13.5 GPa for
Bis i(1)Te1.82¢2)Se1.12) in the pressure range of 0-15 GPa.
The T. values for all samples still increase in the pressure
range achieved in this study, and each T continuously varies
at phase I and phase II, indicating that the density of states
(DOS) on the Fermi level may increase with a shrinkage
of lattice volume, although the behavior cannot simply be
explained. To clarify the mechanism of the increase in T
against pressure more, a theoretical evaluation of electronic
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FIG. 6. (a) R/R(10 K)-T plots at different pressures for
Bi,_,Sb,Te;_,Se, with nominal x value of O and nominal y of
1.0. Chemical composition is “Bip j1yTe;32)S€i22), ~” which is
determined from EDX. (b) T.—p plots for Bi,_,Sb,Te;_,Se, with
nominal x value of 0, 0.25, 0.5m and 1.0; nominal y is 1.0. Chemical
compositions for the above samples determined from EDX are listed
in Table I. Red and blue circles for x = O refer to the first and
second measurements, which were recorded in increasing pressure.
Red circle and green triangle for x = 0.25,x = 0.5, and x = 1.0 refer
to plots recorded in increasing and decreasing pressure.

states of Bi,_,Sb,Te;_,Se, under pressure was performed
for three selected structures, indicating the enhancement of
DOS with increasing pressure (Figs. S10-S12 [25]). Namely,
the increase in T; against pressure may be due to the DOS
enhancement. In addition, the Hall-effect measurement under
pressure may be efficient to experimentally confirm the
change of carrier density and DOS, which may be a future
task.

Here, we must consider why superconductivity for
Bi,_,Sb,Te;_,Se, emerged in phase I, different from Bi,Se3
and Ag-doped Bi,Se; in which superconductivity appeared in
phase II [24,37]. This result seems to be quite strange. How-
ever, it should be noticed that pressure-induced superconduc-
tivity was observed in phase I for Bi, Tes [46]. Namely, the ob-
servation of superconductivity in phase I may not be unusual
for mixed compounds of Se and Te such as Bi,_,Sb, Te;_,Se,.
In other words, the behavior of superconductivity against pres-
sure well reflects the feature of Bi,Tes. This could explain that
the above difference is a reasonable phenomenon, although
this may not be a complete explanation.

In this study, we did not apply more pressure to the samples
because of experimental problems; the pressure could not be
increased to a pressure above 15 GPa because of the small
culet size of diamond used in this study. To solve this problem,
it is necessary to make a small hole in the gasket, and this
is now in progress. As a result, the behavior of 7; at phase
IIT could not be characterized in the present study, and it is a
future task.

D. Magnetic-field dependence of R—T plot of
Bi,_,Sb, Tes_,Se, under pressure

The R/R(l() K)—T plOtS of Bi1,75(4)Sb0,25(4)Te1.39(7)Sel,11(7)
under magnetic field (H) at 7.69 GPa is shown in Fig. 7(a).
This pressure corresponds to phase I. The R drop is suppressed
with an increase in H up to 2.0 T, and the 7. decreases; we
evaluated the 7; value which is defined as the temperature
providing 99% of the maximum R in the temperature
range between the superconducting and normal states, as
shown in Fig. S9(b) [25]. The values of the reduced criti-
cal field.h*(T) = [“521/ [~ P =, = x[ff,ﬁg%
Ho(T)

H(0)?

plotted as a function of ¢t (= %), as shown in Fig. 7(b);
the h*(t)—t plot was prepared based on the H,—7; plot
evaluated from the R-T plots shown in Fig. 7(a); the error bar
in Fig. 7(b) is within the symbol (red circle) because the T; is
determined by the above way.

The h*(t)—t plot was fitted using three different mod-
els [47-50], Werthamer-Helfand-Hohenberg (WHH) theory,

]'r:'rc

of Bil,75(4)Sb0,25(4)Te1'89(7)Se1,11(7) at 7.69 GPa were

TABLE II. Pressure dependence of superconductivity in Bi,_,Sb, Tes_,Se,.

Nominal Stoichiometry Onset pressure for Pressure showing maximum
stoichiometry from EDX superconductivity (GPa) Maximum 7; (K) T. (GPa)
BizTezse Bizj(])Te].g(z)Se]'z(z) 2.69 5.45 13.5

Bi1_75 Sb0_25TeZSe Bi1_75(4)Sbo_25(4)Te1_89(7)561_1 1(7) 5.15 3.90 11.9
Bi1A5Sb0,5TeZSe Bi150(3)Sb0‘50(3)T61‘63(6)S€1.32(6) 5.02 5.28 14.2
BiSbTeZSe Bi|.039(g)sbo.9| 1(3)T€|431(3)SC]'19(3) 8.49 2.40 11.2
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FIG. 7. R/R(10 K)-T plots for Bi,_,Sb,Te;_,Se, (x =0.25, y = 1.0) under magnetic field H at (a) 7.69 GPa and (c) 10.3 GPa.
h* —t plots for Bi,_,Sb,Te;_,Se, (x =0.25, y=1.0) at (b) 7.69 GPa and (d) 10.3 GPa. Chemical composition of the sample is
“Bi 75(4)Sbo.2s@)Ter.so7ySe1.11¢7y, 7 which is determined from EDX. A very small kink observed at around 2.0 K in (a) and (c) is due to
the problem of equipment, which never affects the 7, determination necessary for drawing the graphs in (b) and (d).

which corresponds to the s-wave dirty-limit superconduc-
tivity, s-wave clean-limit model, and p-wave polar model.
The WHH theory predicts £*(0) = 0.69 at t+ =0, but the
experimental #2*(0) does not converge to the value, which is
the same as that of SrgggsBixSe; [23] and AgposBijosSes
[24]. The A*(0) value should become 0.80-0.85 for the p-
wave polar model [23,33,48,50]. The experimental A*(t) —
t plot seems to be well followed by the p-wave model
[see Fig. 7(b)], rather than the theoretical curve of s-wave
clean/dirty limit. However, the data points are insufficient
to conclude the topological superconductivity. Therefore, we
have not concluded the p-wave pairing for the superconduc-
tivity for Bil,75(4)Sbo,25(4)Te1'89(7)Sel,]1(7) at 7.69 GPa, but it
must be fully pursued in the future work. In addition, the
experimental results that the superconducting transition is
broadened and R does not go to zero [Figs. 7(a) and 7(c)] with
increasing H under pressure may be due to the chemical and
electronic inhomogeneity, fluctuation, and vortex effects, in
addition to finite resistance at grain boundaries.

The R/R(IO K)—T plOt of Bi]'75(4)Sb0,25(4)Te]‘89(7)561'1](7)
at 10.3 GPa is shown in Fig. 7(c), and the R drop is sup-
pressed with an increase in H up to 5.0 T. This pressure
corresponds to phase II. The A*—¢ plot is shown in Fig. 7(d);
the error bar is also within the symbol (red circle). The
plot is also fitted by the p-wave polar model, indicating

a possible topological superconductivity. In summary, the
possibility that pressure-induced superconducting phase of
Bij 754)Sbo.25(4)Te1.89¢7yS€1.11¢7y 1S an unconventional super-
conductor (or topological superconductor) must be fully in-
vestigated as a future task. In addition, the pressure-induced
superconducting phase seems to have the same nature between
phase I and phase II, showing that the superconductivity may
not be correlated with structural transition. Furthermore, in
Supplemental Material [25], the topological nature in super-
conductivity is briefly discussed based on the 2* — ¢ plots of
other Bi,_,Sb,Te;_,Se, samples under pressure, indicating
that the possibility of p-wave pairing must be pursued in the
pressure-induced superconducting phases.

Moreover, the exploratory density-functional theory calcu-
lations for Bi_,Sb,Te;_,Se, (x = 0 and y = 1.0), Bi;Te,Se,
were performed to investigate topological nature in each
phase under pressure. The detailed information is described in
Supplemental Material [25] (see also Refs. [51,52] therein).
From the Z, invariants for phase I, phase II, and phase III,
the topological superconductivity (p-wave pairing) suggested
from h*—t plots may be reasonable for phase I. This result
must also be ascertained in detail.

In addition, we evaluated the Ginzburg-Landau (GL)
coherence length (£c.) using expression, H.,(0) =
from the upper critical magnetic field, H/,(0)

o)
2715(23]_ ’
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(= O.SO[T—TL‘Z]T:TQ ), determined based on p-wave polar
model to be 132 A for 7.96 GPa and 87 A for 10.3 GPa in
Bi1_75(4)Sb0.25(4)Te1.89(7)561_11(7); q)() is 2.0678 x 1077 Gcmz.
Thus, the &g; value somewhat decreased with increasing
pressure, indicating the existence of chemical inhomogeneity
and granular effect at high pressure.

IV. CONCLUSION AND REMARKS

In this study, the pressure dependence of crystal structure
and physical properties are fully investigated, and three or
four phases were found in Bi,_,Sb,Te;_,Se,. No supercon-
ductivity for all Bi,_,Sb,Tes_,Se, samples with nominal x
of 0, 0.25, 0.5, and 1.0, as well as nominal y = 1.0, was
observed at ambient pressure. Superconductivity appeared
in phase I by applying pressure to these samples. The T;
gradually increased with an increase in pressure, and it con-
tinuously varied from phase I to phase II. No other supercon-
ducting phases appeared. The h*—t plots recorded in both
phases of I and II for BilA75(4)Sb0A25(4)T61A89(7)SelA11(7) and
Bi1'50(3)Sb0.50(3)T61.68(6)861_32(6) were well fitted by the p-
wave polar model, indicating the topological nature of super-
conductivity, or at least the necessity of pursuit of topological
superconductivity.

The most important point in this study is whether super-
conductivity changes against the variation of electronic states
where the Fermi level decreases and the Dirac point increases
with an increase in x. The pressures causing the structural
transitions from phase I to phase II, and from phase II to

phase III, systematically increased with an increase in x, while
the behavior of T; against pressure was almost similar among
all samples, i.e., the T, values for all samples continuously
increased with an increase in pressure. On the other hand, the
insulating behavior in the normal state at low pressure (below
3 GPa) was substantially observed for Bi,_,Sb,Te3_,Se, with
x # 0, while clear metallic behavior was observed for x = 0.
This result may be reasonably understood when considering
the energy difference between the Fermi level and the bulk
conduction/valence bands. Through this study, we achieved
a systematic study of pressure-driven superconductivity in
Bi,_,Sb,Tes_,Se,. In particular, the findings of the appear-
ance of superconductivity from phase I, the continuous in-
crease in T against structural change of phase I to phase
II, and the suggested topological nature in superconductivity
would be a first step not only for the discovery of the pressure-
driven high-7; phase in topological materials but also for
pioneering topological superconductor.
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